Coffee infusion experiments were conducted to infer how operational variables (time, temperature, mass to volume ratio, and grinding) might affect the efficiency and/or selectivity of compounds extraction. Although the different variables have extensively been reported independently, to the best of our knowledge, no experimental design was yet delineated to study the simultaneous effect of variables in coffee composition. This study fulfills this gap by constructing surface models that reflect the responses in a wide-ranging design space. The freeze-dried extracts were compared regarding the overall yield of extraction, carbohydrate content and composition, caffeine, chlorogenic acid (5-CQA) content, color, and viscosity. Temperature was the major factor for coffee extracts differentiation, regarding both overall and carbohydrates yield and composition. The extraction process efficiency is more related to galactomannans extraction than arabinogalactans. Varying operational conditions, coffee extracts with distinct chemical properties are obtained from the same roasted coffee, broadening their applications in food formulations.
Introduction
Coffee brews are among the most consumed and appreciated beverages in the world. Their properties and quality rely on the intrinsic properties of the green coffee beans, roasting process, and methods of preparation [1] [2] [3] . Coffee species exhibit different compounds composition regarding carbohydrates, 1 3 caffeine, and chlorogenic acids that affect the physicochemical characteristics of the coffee powder used for extraction and, consequently, the coffee brew [2] . However, the roasting process also exerts a great effect and is responsible for the increased extractability of coffee carbohydrates [4, 5] . Moreover, for the extraction of compounds from roasted coffee beans, they must be grounded, breaking the matrix, and making the compounds accessible for extraction when in contact with water. The degree of grinding used, from coarser to finer particles, affects the extraction rate due to the different surface area available or the porosity between the coffee particles which defines the water flow during coffee percolation [2, 6] .
Several reports have been trying to find the influence of operational parameters, one-by-one, on different coffee brews properties and/or compare the composition of the coffee brews prepared with different methods [1, [7] [8] [9] [10] [11] . However, there are so many variables that the uniformity of conditions and results are difficult to achieve in this way. Mathematical modeling through physical-engineering approaches has been useful for the understanding of the coffee extraction processes [12] [13] [14] [15] . However, these models did not reflect the composition obtained through the variation of the different extraction conditions. Response surface methodologies are already used in the coffee field for the development and optimization of procedures for analysis of coffee volatiles [16] and extraction of oils or phenolic compounds from spent coffee grounds or coffee silverskin [17] [18] [19] .
In this study, fulfilling the hypothesis that different operational variables provide extracts with different compositions and properties from the same roasted coffee beans, time and temperature of extraction, mass of coffee to volume of water ratio, and coffee grinding level were tested on their effect on the chemical composition of the brew (viewed as a freezedried coffee extract) obtained after extraction. The use of the same coffee for all experiments eliminates the variability related to roasting degree or coffee species. The intent is to comprehend how different extraction conditions affect the properties of coffee extracts in a fixed water volume to understand the variability that may be achieved regarding coffee compounds. Moreover, a statistical and holistic approach was used to infer the factors that affect the coffee extraction system, constructing significant models for modulation of the coffee extract characteristics. This approach will allow to obtain coffee extracts with the desired chemical properties regarding their use in new food formulations.
Materials and methods

Coffee samples and chemicals
A commercial blend of roasted coffee beans (Delta ® Lote Chávena) was used to perform the coffee extraction experiments. The initial composition on carbohydrates, caffeine and 5-CQA content was determined in the ground coffee (Table 1) , as well as the moisture content that was below 5% all over the experiments (ISO 11817:1994) .
Grinding of coffee samples
A coffee grinder (Flama-1231) was used to grind the roasted coffee beans. This equipment allows the selection of different grinding levels from finer (level 1) to coarser (level 3) particles. The particle size profile of the grounded samples was analyzed with a Malvern Mastersizer 2000 particle size analyser equipped with a Scirocco 2000 accessory (Supplementary Material Fig. S1 ).
Solid-liquid extractions
Solid-liquid extractions were performed using freshly grounded coffee according to the desired level of grinding and 30 mL of distilled water in a 100-mL Erlenmeyer flask covered and maintained in a water bath with magnetic agitation during the intended time and temperature. After the experiments, the flasks were cooled to room temperature and their content was vacuum filtrated (1.2-µm glass microfiber filter) with the retained material washed with an additional 30 mL of water. The filtrates were all frozen and freezedried. The extraction yields were determined by weight and the extracts were stored under an anhydrous atmosphere until characterization analyses.
Single-factor coffee extractions
Several experiments were performed varying only one factor (time, temperature, mass to volume ratio or grinding level), while the other three were maintained constant. The constant values for the different factors were: 30 min for time, 80 °C for temperature, 1 g per 30 mL for m/V ratio, and the level 3 for the grinding level as presented in Supplementary Material Table S1 .
Central composite design
The conditions used to study the main effects and interactions between the independent variables were settled based both on the results from single-factor results, as well as experimental limitations (avoiding high temperatures, as boiling water, and prolonged times) and/or new coffee trends as cold brews. An unreplicated 2 4 full-factorial design to evaluate the effect of time (X 1 , min), temperature (X 2 , °C), mass to volume (m/V) ratio (X 3 , g per 30 mL), and grinding level (X 4 ) ( Table 1 ) was used. Each factor has 2 levels-X 1 (10 and 360 min), X 2 (20 and 80 °C), X 3 (1 and 6 g per 30 mL), and X 4 (level 1 and 3)-coded (+ 1) and (− 1) for 0.5 ± 0.2 6.5 ± 0.6 45.5 ± 0.8
28.4 ± 0.9 19.1 ± 0.6
1.9 ± 0.2 0.7 ± 0.1 the higher and lower limits of each one, respectively. In a two-level full-factorial design, 2 k runs are required, where k represents the number of factors to be analyzed, resulting in 16 experiments performed. Additionally, a center point with four replicates was tested to detect the presence of curvature in the responses, to measure the process variability/stability, and to estimate the pure error needed for the analysis of variance. The design was composed of a total of 20 runs that were performed randomly to avoid bias, minimizing the effect of uncontrolled variables. The initial 2 4 full-factorial design was augmented with axial experiments to a face-centered central composite design (FCCD, α = 1) allowing to estimate higher-order terms, namely quadratic terms once an inflation point related to curvature is detected in the design space. Thus, the additional axial (8 runs) and center points (2 runs) were performed to obtain models that better describe the system analyzed. The experimental data were fitted to a second-order response surface model represented by a quadratic polynomial equation given as,
where Y is the response observed in the dependent factor of interest, β 0 , β i , β ii and β ij terms represent the constant, linear, quadratic, and two-factor interaction regression coefficients, respectively, while x i represents the independent variables in a dimensionless coded form. The dependent variables were: extraction yield (Y 1 , %w/w), sugars content in the extract (Y 2 , %w/w), galactomannans content in the extract (Y 3 , %w/w), and K mix, 405 nm (Y 4 , mL mg −1 cm −1 ). The different coefficients (main effects, interactions, and high-order effects) were found by analysis of variance (ANOVA) using 95% significance level (p value). The Pearson's correlation coefficient (r), with confidence level p < 0.05, was used to describe the relationships among compounds. The experimental data were statistically analyzed using Statistica v12 and Minitab v17 softwares.
Extracts characterization
Carbohydrates analysis
The carbohydrates content of the freeze-dried extracts and the initial ground roasted coffee were evaluated through the sum of the amount of the individual sugars achieved after acid hydrolysis and derivatization to alditol acetates as described in Lopes et al. [20] (2 replicates, when the main sugars variability presented differences lower than 5%). The estimation of galactomannans (GM) can be performed by considering the mannose content plus the addition of 5% of the total amount of mannose that accounts for galactose
content, assuming a degree of substitution of 1:20, meaning a substitution with single residues of galactose for every 20 residues of mannose in the main chain, i.e., a 5% degree of branching. This is in accordance with the degree of branching of GM (3-6%) obtained from roasted coffee infusions prepared with different roasting degrees from distinct coffee species and also GM extracted from spent coffee grounds [21] [22] [23] [24] . For the estimation of the content of arabinogalactans (AG), it was accounted the amount of galactose from which the galactose content was subtracted that is part of GM structure and the content of arabinose was added. Thus, it is assumed that all galactose was component of the AG (except an amount corresponding to 5% of total mannose) and that all arabinose in the extracts was from AG.
Caffeine and 5-CQA analysis
The determination of caffeine and 5-caffeoylquinic acid (5-CQA) was performed using the freeze-dried coffee extracts by the preparation of aliquots of 10 mg mL −1 that were passed through 0.22-µm filters prior HPLC injection (2 replicates). The runs were performed on a HPLC-DAD apparatus equipped with a C18 column (Waters Sherisorb S10 ODS2, 4.6 mm × 250 mm, 10 µm) equilibrated with formic acid 5% (eluent A). The samples were eluted at a flow rate of 0.8 mL min −1 with a gradient program with eluent A and methanol as eluent B [25] . The caffeine peak was detected at 280 nm and for 5-CQA at 325 nm. For quantification purposes, calibration curves of caffeine (R 2 = 0.997) and 5-CQA (R 2 = 0.993) were prepared.
Brown color measurement: specific extinction coefficient (K mix , 405 nm )
The specific extinction coefficient at 405 nm was determined using the freeze-dried coffee extracts. Several dilutions (0-1 mg mL −1 in distilled water) were used to determine spectrophotometrically the coefficient at 405 nm that corresponds to the slope in a plot of absorbance versus concentration curve, giving K mix , 405 nm [20, 26] (2 replicates).
Viscosity measurements
The viscosity measurements were performed in a Cannon-Fenske routine viscometer (Size 50) with the freezedried extracts from the runs where higher mass was used (6 g per 30 mL). The coffee extracts samples (30 mg mL −1 ) were kept in a thermostatic water bath that maintained the temperature at 25.00 ± 0.01 °C. The efflux time was measured in triplicate with an electronic digital stopwatch (0.01 s). The kinematic viscosity values were obtained multiplying the efflux time by the constant value provided by the manufacturer for that viscometer.
Results and discussion
Extraction yield
The single-factor experiments of coffee extraction process showed that when varying the temperature, the range of values (7.2%, between the minimum and maximum) was higher than for the other factors studied (2.1, 1.9, and 1.6% for time, m/V ratio or grinding level, respectively) at a defined temperature (80 °C) (Supplementary Material Table S1 ). Longer extraction times and temperature increase the extraction of coffee compounds, which also occurs with lower m/V ratio and finer particles associated with the lower level of grinding. These results agree with several studies regarding infusion-type extraction methods, as well as brews as espresso coffee, that deal with shorter extraction times [7] [8] [9] [10] 14] . As the single-factor experiments do not allow the determination of the combined effects for the factors or independent variables, a wide range of conditions were used. The higher level of temperature (80 °C) was selected to avoid the loss of solvent and pressure problems, related to a closed system when using higher extraction times. The higher level of time was selected (6 h) according to the literature, as the increase of the extraction time for more than 5-10 h is not reported to increase the extracted solids for coffee brew [12] . Moreover, coffee cold brews extraction methods were associated with prolonged extraction times (6 or more h) [27, 28] . Indeed, the lower level of temperature was chosen considering the lack of characterization, namely concerning carbohydrates content and composition, related to the coffee cold brews that has gained attention in the last years. The extraction yield ranged from 20.4 to 29.9%w/w among all conditions studied. These results are in accordance to literature, where extraction yield ranges from 18 to 32%, depending on the method of coffee extraction used [1, 9, 29] . Considering the runs of the central composite design, the mass of freeze-dried extract and the volume of water used in the experiments (30 mL), the coffee solution after filtration process had 6.8-52.0 g L −1 of total solids (204-1560 mg per cup). The range of values for the different brewing methods (10.3-55.7 g L −1 ) found in literature [1-3, 9, 20, 28] is in accordance with the results obtained in the present study. The solids concentration in the brew or filtrate obtained (0.7-4.9%w/w) is relatable to diluted home brewing processes and is quite far away from high concentration of soluble solids (15-25%w/w) obtained in the final extracts of industrial coffee extraction processes [29] . These results suggest that applying an infusion extraction procedure and modulating the extraction parameters, different extraction yields and total solids concentrations can be achieved, with comparable results to the different homemade coffee brews. Pareto chart ( Fig. 1a ) represents the effects on extraction yield that are statistically significant (at 95% confidence level) as the ones beyond the vertical plotted line with the length of the bars proportional to the standardized effect in the model. Figure 1a shows that the linear terms of all variables (X 1 − X 4 ) exhibit significant effect on coffee extraction yield, which does not happen when considering the quadratic terms. However, Pareto chart evidences that linear temperature term exerts clearly the most preponderant (explained 59% of the variability observed) and positive effect, with time, m/V ratio, and grinding level linear terms with a quite similar influence. Time had a positive effect, meaning that the longer the extraction, the higher the extraction yield, while the m/V ratio and grinding level exhibit a negative effect (i.e. higher ratio leads to lower extraction yield and the coarser the coffee particles the lower the extraction yield). The m/V ratio effect is elucidated once water becomes more saturated and with decreasing ability to extract more compounds. The grinding level may influence the percolation of water through coffee cake or the extraction of compounds due to the variation of surface area of the particle [2, 6] . Once in this experiment the particles were in contact with the water, without the formation of a coffee cake, the effect regarding grinding is related to the extraction surface area of contact and the diffusion phenomena. The increase of fines, damaged cells, and smaller particles increases the extraction of solids through the reduction of the mass transfer resistance [12] .
The grouping of all runs regarding the temperature effect shows a clear distinction between the levels studied: 20.4-25.3%w/w (20 °C), 24.2-26.5%w/w (50 °C), and 24.5-29.9 (80 °C). However, it also shows similar extraction yields, regardless of the temperature used, i.e., extraction at 20 °C with higher extraction yield than some experiments performed at 50 °C or 80 °C. Thus, with all temperatures, equal extraction yields may occur. However, this is based only on the extraction yield, i.e., considering that the extract composition obtained is barely the same in all conditions. For the remaining variables, a greater dispersion was verified for the grouped values due to the greater influence of temperature over the other factors. Pareto chart ( Fig. 1a ) also shows as significant two 2-way interactions: the terms X 1 ·X 3 and X 2 .X 3 (p < 0.05); and marginally the term X 1 ·X 2 (p = 0.0505) (Supplementary Material Table S2 ). When an interaction is significant, it means that the effect of a term on the response is distinct at different levels of another independent variable. Thus, the analysis of significant interactions indicates that the effect of m/V ratio is dependent on the level of time and temperature, being more significant when using longer times and higher temperatures (3D Surface plots in Supplementary Material Fig. S2 ). The experimental data for coffee extraction yield fit a full quadratic model able to explain nearly 98% of the variability occurred in the system (R 2 = 0.98) with a non-significant lack-of-fit, meaning a close agreement between the experimental data and the results predicted by the model. The non-significant terms were removed to simplify/reduce the model (Supplementary Material Table S2 ). Thus, the data fit a reduced but significant (p < 0.0001) linear model for extraction yield with a high determination coefficient (R 2 = 0.92) and high predictive ability (R 2 = 0.85), as presented in Table 2 .
Sugars content
Polysaccharides constitute a considerable fraction of roasted coffee beans and coffee brews [4, 5] . Only the drastic extraction conditions used in industrial soluble coffee processing are able to degrade the polysaccharides [29] . Thus, the analysis performed is a valid estimation of carbohydrate content of the coffee brews, once the extraction conditions used in this experiment are presumably unable to degrade coffee polysaccharides. The singlefactor experiments (Supplementary Material Table S1) point out that the factor that seems to exhibit higher preponderance for carbohydrates content in coffee extracts is temperature, with a range of variation of 12% when compared to 3-7% from the other experiments. The study of the central composite design shows that the sugars content of coffee freeze-dried extracts varied from 14.8 to 29.7%w/w, a twofold increase from minimum to maximum (Table 1 ). Pareto chart (Fig. 1b) shows that temperature exerts a fundamental role regarding the extraction of carbohydrates from coffee matrix, through the increase of polysaccharide solubilisation with increasing temperatures. Regarding temperature, the linear term is positive and significant (p < 0.0001, accounting for 43% of the data variability), as well as the interaction of this variable with time (X 1 ) and m/V ratio (X 3 ) (p < 0.05) (Fig. S3 ). The linear term of the parameter time is non-significant (p > 0.05), suggesting that in this system, prolonged time does not always result in an increase of the carbohydrate content in the extracts. However, at low temperature (20 °C), a considerable difference is observed between the extreme levels, i.e., longer extraction time (360 min, 18.3-21.5%w/ w) favors the carbohydrate extraction, comparing to shorter extraction time (10 min, 14.8-17.6%w/w). This did not happen with the highest temperature level (80 °C, 10 min-21.6-29.6%w/w; 360 min-18.9-29.7%w/w), suggesting that with low temperatures, a prolonged time of extraction must be necessary to increase the sugars content. The quadratic term is significant (p < 0.05), suggesting a U-shape extraction profile for the sugars extraction in the conditions tested. Both m/V ratio (X 3 ) and grinding level (X 4 ) linear terms were significant and have a negative impact, meaning that sugars content in the extract is lower with higher m/V ratios and coarser particles. After removing the non-significant terms (p > 0.05), the full quadratic model (R 2 = 0.82, p < 0.0001) for the carbohydrate data fits a second-order polynomial equation, with non-significant lack-of-fit (Table 2) . Moreover, the analysis of the initial extract shows that the roasted coffee has 48.8 ± 3.7%w/w of sugars in its composition, in accordance with literature [21, 26] . Considering the overall yield and sugars extraction, it was observed that 6.2-18.2% of coffee carbohydrates ends up in the extract, with a clear distinction in lower (20 °C, 6.2-10.4%w/w) and higher temperature levels (80 °C, 9.5-18.2%w/w). Moreover, a positive linear correlation was verified (r = 0.77, p < 0.0001) between extraction yield and sugars content within central composite design results, associating a higher extraction yield with an increase in the carbohydrates extraction.
Sugars composition
Regarding the sugar composition of coffee extracts, the single-factor experiments show that mannose, galactose, and arabinose were the sugar residues most abundant in the coffee extracts and the most affected by the operational parameters, once the range of variation among the conditions tested for rhamnose and glucose was quite low (1-3%, expressed as relative %mol). The range of variation observed when tested different temperature for rhamnose (10%), mannose (21%), and galactose (9%) was much greater than when considering the variation observed with the other parameters (1-5%, for the three sugar residues), in analyses performed at 80 °C. The study of central composite design shows that a 1.7-1.8-fold variation may be observed for the three residues among all runs that represented 88-94% of sugar residues in all conditions tested. Among all polysaccharide structures present in roasted coffee matrix, cellulose is insoluble in the tested conditions, remaining in the coffee residue after extraction and filtration. Galactomannans (GM), composed by mannose and a small fraction of the galactose content, and type II arabinogalactans (AG), constituted mainly by galactose and arabinose, are the main polysaccharide present in the different coffee brews [5, 20] . GM (68-69%) are the predominant polysaccharides in roasted coffee infusions, followed by AG (25-30%) and with a much lower glucans content (2-6%) [5] . As in this study, the coffee sample was always the same in all runs, the differences could only be due to the operational parameters used. Figure 2 shows the distribution of the GM and AG in relation to the carbohydrate content in each run. It is evident that AG content variation among all runs are lower (7.5-12.0%w/w) when compared to GM (5.4-18.3%w/w). Thus, the GM extraction is more affected by operational parameters over the extraction conditions tested. This also suggests that roasted coffee powder, when subjected to water extractions, has AG that are readily solubilized and extracted quite independently of the conditions used.
The wide range of conditions tested, namely higher temperatures and longer extraction times, did not promote a significant increase of AG content. On the other hand, Table 2 Models developed for the description of the variation in dependent variables (Y 1 -extraction yield, Y 2 -sugars, Y 3 -galactomannans and Y 4 -K mix, 405 nm ) as function of the parameters studied (X 1 -time, X 2 -temperature, X 3 -m/V ratio, and X 4 -grinding level) with the corresponding coefficients of determination (R 2 ). The models are expressed in terms of coded values ((-1) (0), (+1))
Response
Model equation the variation of GM content can be linked to the observed increase in the carbohydrates extracted, once there is a positive and strong linear relationship between the content of GM and the sugars content in the extracts (r = 0.96, p < 0.0001), evidencing that the variation of sugar content among the extracts is related to the higher or lower extraction of GM. Figure 1c shows that, as occurred in the extraction of carbohydrates, the linear term of temperature (X 2 ) is the variable with clearly the main preponderance for higher relative GM content in the extracts. A significant model (p < 0.0001) fits the data for GM content (R 2 = 0.88) after elimination of non-significant terms, exhibiting a non-significant lackof-fit (Table 2 ) and the response surface plots presented in Fig. 3 show how the factors studied affect the content of GM across the experimental design. The graphs are presented keeping constant the remaining two independent variables of each plot in the intermediate level of the design. At shorter extraction temperatures (20 °C), there is a clear difference on the relative GM content in the extract between using shorter extraction times (10 min, 5.4-7.1%w/w) and longer extraction times (360 min, 7.7-9.7%w/w). Thus, considering shorter extraction times, the GM represented only 36.5-40.3% of the extract carbohydrates, with a predominance of AG; while with longer extraction times, the GM content is similar or even slightly higher than AG in coffee brew extract. It can be concluded that lower temperatures promote mainly the extraction of AG, minimizing the amount of GM extracted. At lower temperatures, the amount of GM can be increased if prolonged extraction times are used. This allows to infer that the AG are more accessible in roasted coffee matrix than the GM, that require prolonged times at lower temperature for their extraction. At higher temperatures, the extraction of GM (80 °C, 7.0-18.3%w/w) was higher when comparing to lower temperatures (20 °C, 5.4-9.7%w/w), even at shorter times (Fig. 3a) . At the highest temperature and during short times, the GM represented the major polysaccharide of the extract (53.7-61.8%w/w). The effect of mass ratio and grinding level over time (Fig. 3b,  c) shows that once the temperature was constant, the differences in GM extraction were slight. Nevertheless, when extraction was performed during prolonged times, the relative content of GM decreased, becoming the AG the predominant polysaccharide, only when high m/V ratio is used ( Fig. 3d) . While with lower temperatures, a prolonged time allows to extract more GM, it is possible that at higher temperatures and high m/V ratio, a GM solvent saturation could occur not enabling the extraction of GM. The occurrence of interaction/adsorption of the GM with the cellulose present in the matrix is also probable [30, 31] , preventing their extraction. Thus, higher temperatures and prolonged times, especially using higher m/V ratio, should be avoided for GM extraction. The extraction of GM may be reduced if coarser particles were used when fixing the time and m/V ratio, while varying the temperature (Fig. 3e ). When the temperature and time were constant, at lower m/V ratio and grinding level, the GM extraction was slightly enhanced (Fig. 3f) .
The results obtained show that the extraction of coffee powder at high temperatures (in conventional systems, not comparable to industrial extraction performed at extreme temperatures way over 100 °C) may produce a coffee extract with low amount of GM. According to literature, high temperatures originates extracts and brews with GM as the main polymer present [5, 21] . However, this occurs only for short periods of time and low mass-volume ratios, as used to prepare home coffee brews. Performing the extraction at 80 °C during prolonged extraction times and using a high mass-volume ratio, the extracts have a predominance of AG over GM. The different GM/AG ratio verified all over the design space may also be associated with the beverage properties, such as the viscosity of coffee solutions. The higher amount of GM in the coffee extracts was shown to be associated with the increase in kinematic viscosity (Table 1 ) through a strong and positive linear relationship (r = 0.95, p < 0.001). The carbohydrates in coffee brews and mainly GM act as viscosity improvers, stabilizing the foam in espresso coffee [32] . On the other hand, using low temperatures, there is a predominance of AG in the coffee extracts, in accordance with the composition of cold coffee brews, promoting the occurrence of polysaccharide structures with immune-modulating activity [33] . Indeed, AG have immunostimulatory activity dependent on structural features, as terminally linked arabinose residues, as shown in instant coffee fractions [34] , highlighting the influence of the different technological parameters to obtain extracts rich in polysaccharides with different properties suitable for distinct applications. Fig. 2 Representation of the distribution of the coffee polysaccharides along the experiments: arabinogalactans (AG, %w/w), galactomannans (GM, Y 3 , %w/w) as part of the total sugars determined through the central composite design results presented in Table 1   1 2  4  6  9  1 9  2 2  24  26  28 29 30  3  5  7  1 5  2 1  23  25  27  11  8  1 0  1 7  13  20  16  12  18  14  Run Number   0  5  10  15  20  25  30  35 Arabinogalactans
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The roasted coffee used is composed by 45.5, 28.4, 19.1 and 6.5%mol of mannose, galactose, glucose, and arabinose, in accordance with literature [4] . This allows to estimate a content of 23.6 ± 1.6%w/w for GM and 15.5 ± 1.6%w/w for AG. Thus, 5-22%w/w of GM and 10-20%w/w of AG are extracted to the coffee extracts with the conditions used, corresponding to nearly only 20%w/w of the coffee powder polysaccharides extracted in the conditions tested. Based on the data obtained, higher temperatures are needed for a complete extraction of the coffee polysaccharides. This is in accordance with the use of microwave-assisted extraction at temperatures reaching 200 °C for a complete extraction of coffee polysaccharides from coffee matrix [35] .
K mix, 405 nm
The single-factor experiments show that the range of variation for K mix, 405 nm values varying temperature (0.15, the difference between maximum and minimum value) was slightly higher than the occurred with mass-volume ratio (0.12), following the observed with time (0.08) and with grinding level (0.03) (Supplementary Material Table S1 ). This suggests that temperature and mass-volume ratio can greatly influence the brown color of the extracts obtained due to the increase of brown compounds (melanoidins) or due to the dilution of such compounds with increasing extraction of colorless structures while maintaining the content of the brown ones. Melanoidins are brown compounds formed during the roasting process through Maillard reaction involving carbohydrates, proteins and phenolic compounds. The brown color dilution factor measured at 405 nm is indicative of the melanoidins content, ranging from 0.40 to 0.64 mL mg −1 cm −1 , values comparable with literature reports for coffee brews [26, 36] . The ANOVA and Pareto graph (Fig. 1d) show that the linear terms of m/V ratio (X 3 ) and temperature (X 2 ) were the main effects influencing K mix, 405 nm at a similar level, explaining 33 and 30% of the variability observed. The higher temperatures and lower m/V ratios lead to browner coffee extracts, suggesting higher melanoidins extraction. The linear term linked to time (X 1 ) also significantly affects the K mix, 405 nm , but to a lower extent, meaning more browner with longer extraction times. The browning of the extracts over the conditions studied may be linearly described by a significant model (p < 0.0001), with high determination coefficient (R 2 = 0.89) and non-significant lack-of-fit ( Table 2 and response surface plots of Fig. 4 ). Neither the linear nor the quadratic terms of the variable grinding level (X 4 ) exert a significant effect on K mix, 405 nm , explaining the slight variation observed when the grinding degree varied ( Fig. 4c , e, f). Longer extraction times (Fig. 4a-c) and temperatures ( Fig. 4a, d, e ) increase the browning of the extracts obtained, in accordance with literature [10] . Moreover, it seems that the effect of m/V ratio is more pronounced when longer extraction times (Fig. 4b ) or higher extraction temperatures (Fig. 4d) were applied, explaining the significance of such interactions (X 1 ·X 3 , X 2 .X 3 ). Thus, maintaining constant the temperature of extraction, the extract become browner if longer extraction times and lower mass-volume ratio are applied, as well as higher K mix, 405 nm values are obtained when higher temperature accompanied a lower mass-volume ratio fixing the time of extraction. The fact that a higher mass-volume ratio is associated with a lower K mix, 405 nm seems to be explained by the preferential extraction of colorless compounds, as occurred with AG, hindering the extraction of the more browned ones. A positive correlation between the extraction yield and the K mix, 405 nm values of central composite design (r = 0.81, p < 0.0001) is also perceived, showing that the increase of extracted compounds from the coffee powder has a preferential contribution of brown compounds.
Caffeine and 5-CQA
The analysis of caffeine content in the single-factor experiments shows that caffeine content in the extract has the higher variation when testing temperature (2.1%) compared to all the other variables (0.5-1.1%) (Supplementary Material Table S1 ). From the analysis through the central composite design, the caffeine proportion in the extract varied from 7.1 to 9.7%w/w (Table 1 ), in accordance with the relative content of caffeine in coffee brews [3, 7, 8] . The statistical analysis showed that it is possible to significantly model the percentage of caffeine in the coffee extract (p < 0.0001, R 2 = 0.89 and non-significant lack-of-fit), with the temperature exerting the most significant, and negative effect. When crossing the data from extraction yield and the caffeine content in the extract, a value (2.2 ± 0.1%w/w) correspondent to the amount of caffeine found in the roasted coffee in the initial sample (1.9 ± 0.2%w/w) was observed, which is in accordance with literature reports (0.8-2.6%w/w) for different species and roasting degrees [37] [38] [39] . Nevertheless, it should be noted that the analysis of the content in the coffee powder presupposes an extraction step, a coffee brew itself, that may influence the higher or lower quantification of caffeine in the roasted coffee. However, it can be concluded that in the conditions tested, the caffeine was almost or totally extracted. Literature reports that the solubility of caffeine increased widely with temperature, ranging from 1.46 to 19.23 g per 100 g water at 20 and 80 °C, respectively, the extreme values used in this study, becoming even more soluble at 100 °C (66.6%w/w) [40] . Considering the caffeine content present in the roasted coffee and the volume of water used (30 mL), all extraction experiments took place in conditions below these limits. Indeed, in several conventional extraction methods, the extraction of caffeine reaches 81-100% [2, 9] . The extraction times performed in these experiments should allow the dissolution of all caffeine from the coffee matrix, even considering the shorter extraction time (10 min). Hence, the variations observed in the relative mass content of caffeine in the extract should be related to the differences observed with the contribution of other compounds in the extract than with the content of caffeine itself. Thus, a higher or lower proportion of caffeine in the extract is not related to an increase in caffeine extraction, but with the dilution or concentration of such quantity of caffeine in the overall mass of the extract. In fact, the caffeine content may be negatively correlated with the sugars content in the extract (r = − 0.80, p < 0.0001), suggesting that higher/lower sugars content leads to a dilution/concentration effect of caffeine in the extract. On the other hand, due to the different mass-volume ratio, it can be observed also a large range of concentration of caffeine, from 0.6 to 4.5 mg mL −1 , representing from 19 to 136 mg in the 30 mL used in all the experiments due to different mass of coffee powder from where the caffeine was extracted. This wide variability is also reported in the different homemade coffee brews (1.4-7.9 mg mL −1 ), even within the same method [41, 42] . Thus, this concept of the higher extractability of caffeine from coffee powder, when compared to the other components, should be taken into consideration when determining the caffeine content in coffee brews.
The chlorogenic acid present at the highest level in roasted coffee samples and coffee brews is the 5-CQA isomer [38] . The analysis of 5-CQA revealed a comparable pattern of extraction with that observed for caffeine. The proportion of this compound in the overall extracts varied from 1.9 to 2.9%w/w, in accordance with the verified in coffee infusion brews (2.9%w/w) or even different methods (1.8-2.4%w/w) [43, 44] . However, considering the extraction yield, the content of 5-CQA extracted represented 0.55-0.69%, a value comparable to the initial content in the powder (0.7 ± 0.1%w/w), meaning that the compound was fully extractable. Literature also shows similar values for roasted coffee samples (0.7-1.5%w/w) [39, 43] . During the experiments, it was possible to obtain coffee brews with 0.2-1.3 mg mL −1 of 5-CQA but such differences arose from the different amount of coffee used for the extraction. Nevertheless, it is possible to develop a significant model (p < 0.001, R 2 = 0.88, data not shown) based on 5-CQA content in the extract where temperature exerted a significant and negative effect due to the higher relative extraction of other compounds. Therefore, its applicability is limited once the modulation should be more based on the other compounds than properly with 5-CQA.
Concluding remarks
This study analyzed the effect of several operational factors in the roasted coffee extraction process highlighting the main effects and enabling the development of statistically significant models that describe the system. It was showed that temperature is the most significant effect regarding the overall extraction yield and sugars content and composition. A maximum of 29.9%w/w of the compounds present in the roasted coffee may be extracted. The estimation of the two main polysaccharides in coffee (galactomannans (GM) and arabinogalactans (AG)), showed that, while the variation of AG content across the experimental design was low (7.5-12.0%w/w), the variation concerning GM was substantial (5.4-18.3%w/w). The extraction of GM from coffee powder increases with increasing temperatures, while the extraction of AG is not so dependent on temperature. When using high temperatures, the AG are the main polysaccharides extracted if longer times and high m/V ratio are used.
The increase in GM content is reflected in a higher viscosity associated with brews prepared with such extracts. The overall mass extraction yield seems to be related to the brown color of the coffee extracts (or the solutions prepared with them), exerting in such case m/V ratio and temperature the main significant effects. Caffeine and 5-CQA are extensively extracted in the conditions tested, while their content in each extract varied due to the concentration/dilution in relation to other extracted compounds. Although, temperature is the main factor affecting the system, the other parameters should also be considered as there are some interactions between coffee extraction variables. Thus, when studying extraction processes, a comprehensive study of how operational variables affect the system should be performed. Regarding coffee extraction, namely, infusion methods, this study shows that it is possible to modulate the conditions of the coffee extraction to obtain preferentially a desired compound/group of compounds, obtaining extracts with different compositions and, consequently, properties, either biological or sensorial.
